Since similar bursts of synaptic input occur during exploratory behavior in rats, our results demonstrate that "extrasynaptic" NMDARs regularly participate in synaptic transmission. Further, 175 Hz stimulation trains activate all available synaptic and extrasynaptic dendritic NMDARs, suggesting these NMDARs act as synaptic receptors as needed, transiently increasing synaptic strength. Thus, extrasynaptic NMDARs play a vital role in synaptic physiology, calling into question their status as "extrasynaptic".
Introduction
N-methyl-D-aspartate receptors (NMDARs) are a critical component of excitatory transmission in the central nervous system. Activating these receptors can trigger both long and short-term plasticity, promote cell survival, and initiate cell death (Malenka and Nicoll 1993; Soriano and Hardingham 2007) . Recent evidence has suggested that activation of synaptic NMDARs can produce an enhancement of transmission, while activation of extrasynaptic receptors depresses transmission (Lu et al. 2001; Massey et al. 2004 ). While these results suggest a vital role for extrasynaptic NMDARs in neuronal communication during physiological and pathologic conditions, the physiological parameters necessary to activate these NMDARs in intact tissue remain unclear.
Although inactive during low frequency input , extrasynaptic NMDARs could contribute to postsynaptic physiology during periods of increased activity (Faber and Korn 1988) .
Under these conditions, neurotransmitter can spillover from the synaptic membrane, and the high affinity of NMDARs make them uniquely suited for detection of that spillover (Kullmann and Asztely 1998).
We have examined the parameters for physiological activation of extrasynaptic NMDARs in acutely dissected CA1 hippocampal slice pyramidal neurons after the removal of synaptic NMDARs with MK-801 (using 0.1 Hz stimulation). Short synaptic stimulation bursts from 5-400 Hz were used to test for activation of extrasynaptic NMDARs. We found that short bursts of presynaptic input at frequencies as low as 25 Hz produce substantial extrasynaptic NMDAR activation. Peak activation of all available synaptic and extrasynaptic dendritic NMDARs occurs at a stimulation frequency of 175
Hz. These data suggest that extrasynaptic NMDARs participate in neuronal signaling under physiological conditions, and regularly contribute to the physiology of the cell.
Methods
Synaptic transmission. Animals were anesthetized with trifluoroethane and decapitated to prepare 300-400 µm-thick coronal slices from the hippocampus of p14-p22 rats (Yang et al. 2006 ). Whole-cell patch clamp recordings were made from CA1 pyramidal neurons. The patch pipettes were filled with a cesium gluconate solution containing (in mM): 123 Cs gluconate, 8 NaCl, 1 CaCl2, 10 EGTA, 10 HEPES, 10 glucose, 5 ATP, 0.4 GTP, 1 QX-314 (pH 7.2; 280-290 mOsm). Slices were superfused (3-4 ml/min) at 34 °C with oxygenated physiological saline (in mM: 119 NaCl, 2.5 KCl, water-immersion objective to form an uncaging spot about 6 µm wide with a final power of 5-10 mW (Pettit et al. 1997; Yang et al. 2007 ). We estimate this will produce a glutamate concentration of 100 µM (Canepari et al. 2001; Wang and Augustine 1995) .
An acousto-optical-modulator was used to vary the duration of the light pulse between 1-2 ms. The uncaging spot was positioned over a cellular process by including Oregon Green (200 µM; Molecular Probes, Eugene OR), in the patch pipette solution and then visualizing the cell with a Olympus Fluoview 300 confocal microscope.
Results

Activation of Extrasynaptic NMDARs by Synaptic Spillover
Previous reports have identified a substantial pool of extrasynaptic NMDARs comprising about 1/3 of the total dendritic population (Harris and Pettit 2007; Rosenmund et al. 1995; Thomas et al. 2006) . Although extrasynaptic NMDARs are inactive during low frequency synaptic stimulation, increased synaptic input might activate these receptors allowing them to participate in postsynaptic physiology. The CA3
neurons that activate CA1 pyramidal cells can fire at low frequencies or in short bursts, reaching firing frequencies of 400 Hz (Kandel and Spencer 1961; Wong and Prince 1981) . We therefore tested the ability of short, 10 pulse bursts of electrical stimuli at 5-400 Hz to activate extrasynaptic NMDARs. As these experiments test for synaptic spillover, they rely on temperature-dependent glutamate transporter function (Asztely et al. 1997) . As a result, experiments were performed at 34º C to maximize transporter function. The peak amplitude of currents elicited by these stimulus burst s represents a mixture of synaptic and any potential extrasynaptic NMDAR activation.
After establishing a baseline of stable synaptic NMDAR current amplitudes (30 s intervals), we stimulated the presynaptic inputs with 5-400 Hz ten pulse bursts.
Stimulation strength was set to 40-200 µA for 100-200 µs, which elicited current amplitudes from 129 ± 20 pA (0.1 Hz) to 1049 ± 155 pA (175 Hz; Fig. 1A , N = 10). Each frequency was tested three times, separated by 30 seconds and presented in random order to avoid any systematic errors that might be introduced by stimulating with multiple high or low frequency burst s. We measured the peak amplitude of each burst and normalized by the largest amplitude EPSC to allow for comparison between cells ( Fig. 1B,C; arrows). Peak current amplitude increased with frequency, reflecting greater temporal summation, and reached a plateau roughly 10-fold higher than baseline at frequencies between 100 and 200 Hz ( Fig. 1C ; N = 10). Stimulation frequencies higher than 200 Hz elicited reduced current amplitudes corresponding to 80% of maximum.
To further characterize currents arising from high frequency bursts, the current decay was analyzed for all frequencies. If high frequency trains increase glutamate concentrations and there is diffusion to adjacent extrasynaptic receptors, we would expect an increase in the decay time. As currents elicited by the high frequency bursts could not be fit by single or double exponentials (see Fig. 1C inset), we measured the 10% to 90% decay times. To compare the decay times across cells, we measured the decay times for each burst within a cell and normalized by the longest decay time (Fig. 1D ). Decay times grew longer with increases in burst frequency relative to those measured for the single stimulation (Single = 76.6 ± 6.6 ms vs. 125 Hz = 138 ± 20.4 ms; N = 10). Surprisingly we observed an increase in decay time with 10 Hz stimulation bursts which returned to that of a single stimulation at very high frequencies (400 Hz; Fig. 1D ).
As can be seen in While increases in decay time are consistent with increased glutamate spillover to extrasynaptic receptors (Arnth-Jensen et al. 2002; Diamond 2001; Lozovaya et al. 2004; Scimemi et al. 2004) , this is a somewhat indirect measurement. An additional complication is that the increase in decay time could represent spillover to adjacent synapses rather than extrasynaptic receptors. To properly address this issue it is necessary to remove synaptic receptors so that extrasynaptic NMDAR activation can be examined in isolation.
Conversion of Extrasynaptic NMDARs to Synaptic NMDARs
To directly test whether high frequency burst s activate extrasynaptic NMDARs, we blocked synaptic NMDARs by stimulating at low frequency (0.1 Hz; Fig Following block of synaptic NMDARs, we attempted to activate extrasynaptic NMDARs by stimulating the presynaptic inputs with 5-400 Hz ten pulse bursts (Fig. 3A ).
Since we wished to test the effect of multiple frequencies in single cells, we applied small quantities of MK-801 (500 µM) via picospritzer to facilitate MK-801 washout. In separate experiments we determined that 20 minutes was sufficient for complete MK-801 washout as evidenced by stable current amplitudes post wash (Harris and Pettit 2007) (Supplemental Fig. 1 ). It is possible that high frequency burst s could depolarize additional axon fibers that were subthreshold during low frequency stimulation. If these new axon fibers were to participate at high frequencies, they might elicit synaptic NMDAR currents not blocked by MK-801 during low frequency stimulation.
To address this concern we increased stimulation strength two-fold during synaptic blockade. We confirmed that this approach engaged additional fibers by measuring the size of fiber volleys elicited in this manner ( Fig Bursts of stimulation elicited NMDAR currents which increased in amplitude with frequency ( Fig. 3B ,C). We found that significant extrasynaptic NMDAR activation occurred at 25 Hz ( Fig. 3D ; ANOVA p < 0.001; N = 10). Average current amplitude for 25 Hz bursts was 20 ± 4 pA (N = 10). Although our decay data suggested activation of extrasynaptic NMDARs at 10 Hz, the difference between single stimulation amplitudes (4 ± 1 pA) and 10 Hz bursts (10 ± 2.5 pA) was not significant. While we used 10 pulse bursts, extrasynaptic currents developed by the second or third stimulation (Fig. 3C ). We confirmed that these were NMDAR currents by blocking them with the NMDAR antagonist APV (50 µM; Supplemental Fig. 1 ).
Stimulation burst s between 100 -200 Hz produced maximal extrasynaptic NMDAR current amplitudes (65 ± 13 pA). Surprisingly, extrasynaptic NMDAR activation decreased by ~50% at higher frequencies (400 Hz). This is consistent with the decreased decay time associated with currents at this frequency (Fig. 1D) , suggesting decreased diffusion to extrasynaptic NMDARs. In 7 cases it was possible to test both the synaptic and extrasynaptic activation in the same cell. These results were in agreement with between cell comparisons.
To quantify the impact of unmasking extrasynaptic receptors, we compared the amount of current elicited with high frequency stimulation (5-100 Hz) to baseline (0.1 Hz) synaptic stimulation. The amplitude of extrasynaptic NMDAR current elicited by high frequency burst was normalized to the amplitude of the single synaptic current. The maximal extrasynaptic current elicited in this manner was 33 ± 8.5% ( Fig. 3E ; N = 10), suggesting that extrasynaptic receptors can produce a substantial increase in synaptic power. Activation of extrasynaptic receptors was independent of stimulation strength as our baseline synaptic currents range from 33-275 pA (Fig. 3F ). The relatively low frequencies which engage extrasynaptic NMDARs suggest that these receptors regularly contribute to synaptic communication.
Irreversibility of MK-801 blockade
To ensure that blocked synaptic receptors remained unavailable for the duration of our experiments, single stimulations were interleaved with st imulus trains in a subset of experiments (Fig. 4A,B) . If spontaneous or burst-induced MK-801 unblock occurred we would expect that single stimulations would begin to elicit current. Across all experiments there was no significant increase in residual current over the course of the experiment (0.7 ± 0.3 pA; paired student's t -test p < 0.3; N = 8; Fig. 4C,D) . These results are consistent with our previous findings which show no current recovery of synaptic NMDARs up to an hour after MK-801 blockade (Harris and Pettit 2007) .
Presynaptic Axons Fail at High Frequencies Limiting Extrasynaptic NMDAR
Activation.
We found the large decrease in extrasynaptic NMDAR activation at 300-400 Hz puzzling since a reduction in the peak current amplitude implies less glutamate availability and spillover during these bursts. As the presynaptic terminals supply the glutamate during these bursts, we looked for a presynaptic cause for this decline in glutamate. The amplitude of the fiber volley, i.e., the extracellular potential generated by the summed activity of axons firing action potentials, represents one measure of the activity of presynaptic axons. We determined whether high frequency stimulation changed the ability of the axon to fire action potentials by comparing the amplitude of the first fiber volley in a burst to the average of the subsequent fiber volleys induced by pulses 2-10 ( Fig. 5A ). Blocking excitatory and inhibitory postsynaptic current s with NBQX (5 µM), APV (50 µM) and picrotoxin (100 µM) allowed us to isolate the fiber volley. Figure 4A shows that the amplitude of the first and tenth fiber volley are similar for low frequencies such as 5 Hz. However, with high frequency burst s (e.g., 400 Hz), the fiber volley is reduced by an average of 50% (Fig. 5B,C (Fig. 5B ). This suggests that alternating groups of fibers are refractory from pulse to pulse. It is apparent that action potentials are diminished during high frequency stimulation bursts ( Fig. 5C; N   =5 ). The reason for this failure is probably a combination of Na + channel inactivation, decreases in driving force, depletion, and/or failure of release machinery. That this decrease in the fiber volley has such a dramatic effect on the extrasynaptic NMDARs while leaving the synaptic NMDAR response relatively unscathed, suggests that the extrasynaptic receptors are comparatively unsaturated and remain acutely sensitive to changes in presynaptic glutamate concentration.
Extrasynaptic NMDARs Are Exposed To Less Glutamate Than Synaptic NMDARs
To examine the extent of occupancy of the extrasynaptic receptor pool, we have student's t-test). Finally, D-APV was used to block all remaining current (Fig. 6B ).
L-APV was also applied to NMDAR currents elicited by 10 pulse bursts of synaptic stimulation at 200 Hz. Although we expect activation of extrasynaptic NMDARs with this stimulation protocol, the majority of the current is generated by synaptic receptors which should be less susceptible to low affinity antagonists. L-APV had little effect on these currents reducing peak amplitude by 9.6 ± 3% (N = 5; data not shown).
While the degree of block for single synaptic and burst synaptic currents was not significant, extrasynaptic currents were reduced significantly more than either synaptic current (ANOVA, p < 0.0001; N = 5). These data indicate that the extrasynaptic NMDARs activated by high frequency burst s are exposed to less glutamate than synaptic receptors. If bursts of stimulation recruited new synaptic receptors, we would expect equivalent block by L-APV. As these receptors behave differently from synaptic receptors they are likely activated by glutamate spillover.
Presynaptic Release Maximally Activates Extrasynaptic NMDARs
Our data suggests that extrasynaptic NMDARs participate in synaptic communication as (Fig. 7B, #3 ). This data suggests that under the right conditions, the presynaptic terminals can activate the vast majority of extrasynaptic NMDARs.
Discussion
Extrasynaptic receptors are of limited interest unless they can be activated under physiological conditions. Here we show that short, physiological, stimulation bursts activate these receptors at relatively low frequencies ( While we have argued that the NMDAR current in response to high frequency stimulation bursts represents activation of extrasynaptic NMDARs, it is possible that these receptors are actually unblocked synaptic receptors. This could occur if high stimulation frequencies recruited additional axon fibers that were subthreshold at low stimulation frequency. To avoid this complication we doubled stimulation strength during MK-801 blockade and returned to the lower stimulation strength to probe for extrasynaptic activation (Fig. 3A) . This approach activates a larger population of axon fibers during MK-801 blockade, and reduces the probability of recruiting new fibers during stimulation bursts (Fig. 2) . Further, these receptors behave differently from synaptic receptors as they are more sensitive than synaptic currents to block by the low affinity competitive antagonist L-APV (Fig.6 ). As glutamate must spill over and diffuse to extrasynaptic receptors they should be exposed to a lower concentration of glutamate than synaptic receptors, and more sensitive to L-APV. Finally, we have previously shown that our stimulation protocol activates all functional synapses on the targeted region of dendrite (Harris and Pettit 2007) . These experiments used two stimulating pipettes, one placed 100 µm from the test dendrite and a second placed as close as possible to the dendrite. Stimulation strength was adjusted so that the proximal pipette was activating a subset of the fibers activated by the distal electrode. All synaptic current generated by the distal electrode was then blocked with MK-801. If our approach only activated and blocked a fraction of the synapses on the target dendrite, we should have been able to elicit synaptic currents with the proximal stimulating electrode. This electrode was sufficiently close to the dendrite to activate all local functional synapses by direct depolarization. As no synaptic current was elicited by the proximal electrode, our MK-801 protocol eliminates all functional synapses on the targeted region of dendrite.
It is also possible that the currents elicited by high frequency bursts arise exclusively from cut or non-functioning synapses in our preparation rather than (Rosenmund et al. 1995; Thomas et al. 2006 ). While we can not rule out the possibility that there is spillover to some unblocked synaptic receptors, these receptors are no more likely to be activated than the extrasynaptic receptors at functional synapses, and it should be noted that activation of adjacent synapses is also a method of synaptic signal amplification (Barbour 2001; Faber and Korn 1988; Scimemi et al. 2004) .
Our experiments testing how much of the extrasynaptic population can be accessed by synaptic glutamate demonstrate that all dendritic NMDARs can be recruited to the synaptic compartment. When short, 175 Hz bursts (point of maximal extrasynaptic activation) are delivered in the presence of MK-801, all dendritic NMDAR current is blocked (Fig. 7) . As extrasynaptic NMDARs are immobile (in that they do not move into the synaptic compartment) for the period of our experiments in acute slices (Harris and Pettit 2007) , spillover with presynaptic bursting represents a physiological method to activate these receptors. The ability to increase the synaptic receptor pool provides a mechanism to transiently increase synaptic strength as needed. These results suggest that current concepts about "extrasynaptic" NMDARs should be revisited.
At first glance, the notion that extrasynaptic NMDARs on CA1 dendrites participate regularly in synaptic communication seems at odds with previous studies reporting that extrasynaptic and synaptic receptors are differentially coupled to downstream signaling pathways (Hardingham and Bading 2002; Hardingham et al. 2002) . However, in those studies, bath application of agonist activated extrasynaptic NMDARs located on both the dendrite and the soma. As a result, it is possible that the activation of extrasynaptic NMDARs located on the cell body are necessary to initiate extrasynaptic NMDAR-specific pathways. Alternatively, extrasynaptic receptor mediated pathways may only occur when activated in specific spatio-temporal patterns. Thus, only continuous activation of extrasynaptic receptors for minutes, or the simultaneous activation of extrasynaptic receptors along the entire cell, would trigger apoptosis.
Finally, although burst activity activates extrasynaptic receptors, it likely preferentially activates synaptic NMDARs. As a result, synaptically coupled pathways may dominate under these conditions (Hardingham et al. 2001; Liu et al. 2004 ).
In addition to direct synaptic communication, extrasynaptic receptors may also participate in neural signaling by "volume transmission" or the diffusion of neurotransmitter through the extracellular space (Agnati et al. 1995) . While recent estimates of the ambient glutamate concentration in brain tissue are low (25 nM), this level of glutamate could provide for significant activation of these receptors (Herman and Jahr 2007) . In fact, extrasynaptic NMDARs have been shown to contribute a small tonic conductance in pyramidal neurons (Herman and Jahr 2007; Le Meur et al. 2007; Sah et al. 1989 ). Extrasynaptic NMDARs may also play a role in synchronizing hippocampal neural activity through glutamate release by glia (Angulo et al. 2004; Fellin et al. 2004 ).
In addition, our data suggests that glutamate released during routine synaptic signaling can also active extrasynaptic receptors. Therefore, extrasynaptic NMDARs have two methods of signaling. They can transmit low temporal resolution volume information, and can be recruited by high frequency bursts to encode temporally precise synaptic information.
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